Abstract: The effects of abscisic acid (ABA) form, concentration, and application timing on bud cold hardiness, phenology, and fruiting performance of Merlot grapevines (Vitis vinifera) were evaluated in a three-year field trial with site locations in British Columbia and Ontario, Canada, and in Washington and Idaho, United States. Solutions containing natural S-ABA (ABA N ) and a purported long-lived ABA analogue 8'-acetylene ABA (ABA A ) at differing concentrations were applied to the vine canopy at veraison or post-harvest. Postharvest foliar applications of ABA N at concentrations greater than or equal to 5000 ppm tended to advance leaf abscission and increase autumn bud cold hardiness. Postharvest foliar applications of ABA A at 1000 ppm tended to delay budbreak in the spring following application and increase spring bud cold hardiness. Fruit yield and basic composition were affected little by the ABA treatments. Bud hardiness was enhanced by ABA N mostly in autumn and by ABA A mostly in the spring, indicating that the suitability of ABA forms for reducing bud damage would depend on when injurious cold events are more likely.
Introduction
Merlot (Vitis vinifera L.) is one of the world's most widely planted wine grape cultivars and is a principal cultivar grown in many northern latitude production regions. As an early ripening red grape cultivar, it is well suited to the short growing seasons that are typical in these regions. Merlot is known to have moderate cold hardiness relative to other V. vinifera cultivars; however, sustainable production is often challenged by extreme cold weather events that injure dormant buds and other cold-sensitive tissues. These cold weather events occur sporadically between mid-autumn and late-winter in most northern grape growing regions in North America.
The ability of different grapevine tissues to withstand cold injury is poorly understood. Standard methods have been developed to measure bud cold hardiness (Mills et al. 2006) , and a model has been developed to predict acquisition and changes in bud hardiness in response to temperature exposure (Ferguson et al. 2014) . A study conducted in south-central Washington used differential thermal analysis to measure maximum bud hardiness in 23 widely grown V. vinifera cultivars over multiple years (Ferguson et al. 2014) . Maximum bud hardiness was reported to range from −26.1°C for the cultivar Riesling to −21.9°C for the cultivar Sangiovese. For Merlot, maximum bud hardiness was reported to be −25.0°C, which was 1.1°C less hardy than that reported for Riesling. Differences in bud hardiness of less than 2°C between Merlot and other hardier cultivars during autumn acclimation and spring deacclimation have also been reported in Washington (Washington State University 2014b) and British Columbia (BC Wine Grape Council 2014). While recognizing that bud hardiness is not necessarily indicative of whole vine hardiness, these data indicate that increasing the bud hardiness of Merlot by 1°C to 2°C could enhance its performance in regions where it is injured by cold weather events when hardier V. vinifera varieties escape injury.
The plant hormone abscisic acid (ABA) is involved in the promotion of dormancy and cold acclimation in plants (reviewed by Keller 2015) . The application of ABA to the foliage of Cabernet Franc grapevines within a month of the onset of ripening (veraison) was reported to advance the onset of dormancy and increase bud hardiness by up to 4.2°C (Zhang and Dami 2012) . Hardiness was enhanced mostly in December through January when vines were hardiest, and was affected less during the periods of bud acclimation and deacclimation. In contrast, a study of Chardonnay conducted in four production regions in Canada (British Columbia and Ontario) and the United States (Idaho and Ohio) found that foliar application of ABA increased bud hardiness primarily during autumn cold acclimation and had inconsistent effects in mid-winter and during spring deacclimation (Dami et al. 2015) . Phenological timing of the ABA application also influenced ABA effectiveness, but results were inconsistent among locations. A form of naturally occurring ABA was used in these studies.
While the commercial use of ABA to improve grapevine hardiness appears to have potential, its value would be increased if it provided consistent hardiness improvement over the entire period of damage vulnerability (Oct. -Apr.). Some ABA analogues were found to be more effective than natural ABA at increasing cold hardiness (also referred to as freezing tolerance) in grain crops (Robertson et al. 1994; Churchill et al. 1998 ) and rapeseed . The ABA analogue 8'-acetylene ABA (ABA A ) is purported to catabolize more slowly in plant tissues and may therefore provide enhanced or prolonged effects on dormancy and hardiness compared with natural S-ABA (ABA N ). The objective of this study was to compare the effects of ABA N and ABA A in combination with application timing and concentration on bud hardiness, grapevine phenology, and fruiting performance of Merlot under a range of climatic conditions in grape growing regions in the northern United States and Canada.
Materials and Methods

Experimental design and sites
The study was conducted over three consecutive growing seasons (2010, 2011, and 2012) at Merlot vineyard sites in four northern latitude wine grape production regions in British Columbia (BC) and Ontario (ON) in Canada, and in Idaho (ID) and Washington (WA) in the United States (Table 1) . In BC, trials were conducted at commercial vineyards near Osoyoos, BC [Constellation's Bull Pine Vineyard (BP)] and Naramata, BC [Van Westen Vineyard (VW)]. The trial in ON was located in a commercial vineyard near Niagara on the Lake, ON. In WA, the trial was located in a research vineyard at the Irrigated Agriculture Research and Extension Center in Prosser, WA. In ID, the trial was located in a research vineyard at the University of Idaho Southwest Research and Extension Center in Parma, ID.
Two forms of ABA were evaluated: ABA N and ABA A (Valent Biosciences Corp., Libertyville, IL) ( Table 2 ). The highest concentrations evaluated for ABA A were lower than for ABA N due to the purported slower catabolism of the analogue. In 2010, solutions containing the surfactant Brij98 at 0.1% a.i. (v/v) and one of three concentrations of ABA A (100, 300, or 1000 mg·L −1 ) or a single concentration of ABA N (10 000 mg·L −1 ) were applied postharvest to grapevines at the BP and VW vineyards in BC. In 2011, the highest and lowest concentrations of ABA A evaluated in 2010 (100 and 1000 mg·L −1 ) and the same concentration of ABA N evaluated in 2010 (10 000 mg·L −1 ) were applied postharvest using the same surfactant as in 2010 [Brij98 at 0.1% a.i. (v/v) ] to grapevines at BP in BC, and in ON, WA, and ID. Also evaluated in 2011 at BP in BC and in ON were two additional treatments: a lower concentration of ABA N (5000 mg·L Veraison treatments were applied when berries were about midway in colour change from green to red. Timing of postharvest treatments varied among sites and years. In 2010 they were applied 1 d after harvest at both BC vineyard sites (Table 3) . In 2011, they were applied on 21 or 22 Oct., 1 d after harvest in BC and ON, and~18 d after harvest in WA and ID. In 2012 they were applied within 3 d after harvest in BC, ON, and ID, and 16 d after harvest in WA.
Treatment application practices were identical among locations. The ABA and control treatment solutions were prepared using deionized water. A surfactant control (no ABA) was included as a treatment at each application time. The spray treatments were applied to run-off to both sides of the vine canopy (leaves and clusters) using a backpack sprayer that averaged a spray volume of 0.33 to 0.5 L per vine.
The experimental design at each location was a randomized complete block but the numbers of replicates and vines per plot differed among locations. In BC, treatments in 2010 were applied to four (VW) or six (BP) blocks of single-vine plots and, in 2011 and 2012, to six blocks of two-vine plots. In ON, the treatments were applied in 2011 and 2012 to three blocks of 6-vine plots. In WA, treatments were applied in 2011 and 2012 to four blocks of 3-vine plots. In ID, treatments were applied to two blocks of 8-vine plots in 2011 and to eight blocks of 2-vine plots in 2012. At all locations, treatments were applied to mature, field-grown Merlot grapevines cultivated according to local commercial practices (Table 2) . Vines in BC and ON were grafted to rootstocks [Riparia gloire (Vitis riparia) at BP and 3309 (Vitis riparia x Vitis rupestris) at VW in BC; and SO4 (Vitis berlandieri x Vitis riparia) in ON], whereas vines in ID and WA were grown on their own roots. Vines were trained to a bilateral cordon system except at VW in BC where a Scott Henry training system was used. Trial sites were located between 43°N and 50°N latitude at elevations that ranged from 95 m (ON) to 678 m (ID).
Bud cold hardiness
Bud cold hardiness was measured during the dormant season by lethal temperature exotherm (LTE) detection using differential thermal analysis (DTA) following the method of Mills et al. (2006) . Buds subjected to DTA were collected on the day of analysis. The buds were excised following the methods of Wolf and Pool (1987) and Mills et al. (2006) . The DTA was performed inside a freezer (Tenney Rochester, NY) that was programmed to ramp from 0 to −40°C at a rate of 4°C per hour. Low temperature exotherms were detected by a Keithley Multimeter data acquisition system (Keithley Instruments, NJ) . The temperature at which 50% of the sampled buds were killed (LT50) was determined from the LTE data. The DTA method was identical at all locations; however, bud sampling frequency during dormancy differed among years and locations. Buds were excised at basal node positions three to seven from a representative cane in each replicate plot and four to eight replicates of five buds per treatment were used for DTA. In the first year of the study (2010) (2011) , canes from treatment plots in BC were sampled in late-fall, late-winter, and earlyspring. During the winters of 2011-2012, and 2012-2013 , canes were sampled bi-weekly in BC, WA, and ID, and weekly in ON. In BC, sampling began post leaf abscission (8 Nov. in 2011 and 29 Oct. in 2012) . In ON, sampling began in mid-Oct. in 2011 and 2012. In WA, sampling in 2011 and 2012 began one week after harvest. In ID, sampling began in mid-November in 2011 and late-October in 2012. Cane sampling continued until bud swell the following spring.
Grapevine phenology
Treatment effects on the onset of leaf abscission were assessed in BC in 2010 , 2011 , and 2012 and in WA in 2012 . In BC, leaf abscission was evaluated by visual inspection of vines midway through the leaf abscission period and a subjective estimate of the percentage of total leaves that had abscised. In WA, leaf abscission was assessed by visual inspection of vines on 19 Oct. 2012 and a subjective rating on a 1 to 5 scale with a rating of one equal to no defoliation and a rating of 5 equal to severe defoliation.
Onset of budbreak was assessed in spring 2011 in BC and at all locations in spring 2012 and spring 2013. Bloom date was assessed in 2012 in BC and WA. Onset of veraison was assessed in 2012 in BC. In BC, ON, and ID, the percentage of vines at or beyond each phenological stage was evaluated on a date when vines were midway through that phenological stage. In WA in 2012 and 2013, phenological timing was assessed every 1-2 weeks from the beginning of bud swell until Eichhorn-Lorenz (E-L) stage 31 (berries~7 mm in diameter) using the modified E-L system for grapevine growth stages (Coombe 1995) . The onset of budbreak, bloom, and veraison were assessed by visual inspection of vines for E-L stages 4 (green tip; first leaf tissue visible), 23 (17-20 leaves separated), and 35 (berries begin to colour and enlarge).
Shoot periderm development and leaf greenness were evaluated in WA in 2012. Periderm development was assessed on 6 Sep., 2 Oct., and 19 Oct. on six shoots per plot by recording the percent of brown internodes. Leaf greenness was measured on the fifth to seventh leaves from the base of three shoots per plot on 2 Oct. and 19 Oct. using a CCM-200 plus (Opti-Sciences, Hudson, NH) chlorophyll meter.
Yield components and berry composition
Potential carry-over effects of treatment application in the previous year on yield, yield components, and berry maturity were assessed in 2012 and 2013 in BC, 2012 and 2013 in WA, and 2013 in ID. Fruit was harvested from all treated plots on the same day when berry soluble solids (SS) was~25 Brix. Fruit was sampled from vines prior to harvest and immediately transported to the laboratory for analysis. In BC and WA, a 100-and 50-berry sample, respectively, was collected from each vine prior to harvest and in ID, five basal clusters from main shoots containing two clusters per shoot were collected from each side of the canopy. All remaining fruit on the vine was removed and weighed to calculate yield per vine and the number of clusters per vine was recorded. The fruit sampled prior to harvest was used to determine average berry and or cluster weight and to measure juice 
Statistical analysis
Data were analyzed using a mixed model analysis of variance with orthogonal contrasts to detect effects of ABA form and application timing. Analyses were conducted in BC and ID using SAS version 8.02 (SAS Institute, Cary, NC); in ON using XLSTAT version 2013.3.04 (Addinsoft, Paris, France); and in WA using Statistica 7.1 (StatSoft Inc., Tulsa, OK).
Results
Seasonal growing degree days, first frosts, and winter temperature minima Growing degree day (GDD) accumulation (Apr. -Oct.) was highest in 2012 at all locations (Table 3) . Among locations, GDD accumulation was highest in ON and ID and lowest in WA. First frosts occurred between midOctober and early November at all sites and years ( Figs. 1-3) . In winter 2010-2011, temperature minima were −13 and −15°C at the VW and BP sites, respectively (Fig. 1) . In winter 2011-2012, temperature minima were −15, −14, −13, and −10°C in BC, ON, ID, and WA, respectively (Fig. 2) . In winter 2012-2013, temperature minima were, respectively, −15, −13, −23, and −9°C (Fig. 3) .
Timing of leaf abscission
Onset of leaf abscission was advanced in 2010, 2011, and 2012 by postharvest applications of ABA N at concentrations equal to or higher than 5000 ppm (Tables 4-6 ). In 2010, vines at the VW and BP vineyards in BC that received a postharvest foliar application of ABA N at 10 000 ppm had lost 83% and 98% of their leaves when control vines had 1% and 6% leaf abscission, respectively. In 2011, when control vines had 8% leaf abscission, vines with a foliar application of ABA N at 5000 or 10 000 ppm had 80% and 53% leaf abscission, respectively. In 2012, when control vines had 18% leaf abscission, vines with a postharvest foliar application of ABA N at 5000 ppm had 38% leaf abscission. Postharvest foliar applications of ABA N at concentrations lower than 5000 ppm and Table 3 . Dates of abscisic acid (ABA) treatments and harvests, and GDD at trial locations in Osoyoos and Naramata, BC, and Niagara on the Lake, ON, Canada, and Parma, ID, and Prosser, WA, United States, during three growing seasons when treatments were applied (2010) (2011) (2012) Growing degree days calculated using daily maximum and minimum temperatures and with a lower threshold of 10°C, 1 Apr. to 31 Oct.
veraison applications at any concentration had no effect on the onset of leaf abscission (Table 6 ). Postharvest applications of ABA A also advanced leaf abscission but the effect was less consistent among years and locations. Leaf abscission was advanced by foliar applications of ABA A in one of the two BC vineyard sites in 2010 and in the BC vineyard in 2011. At the BP vineyard in 2010, vines treated postharvest with ABA A at 1000 ppm had lost nearly half of their leaves when leaf abscission in control vines had just begun. In 2011, leaf abscission was less than 10% in control vines when vines treated with ABA A at 1000 ppm had already lost 85% of their leaves. Vines treated in 2011 in WA with ABA N at 10 000 ppm or ABA A at 1000 ppm had rapid leaf senescence followed by leaf abscission within two weeks of treatment application (data not shown). Foliar applications of ABA A in 2012 had no effect on the onset of leaf abscission in BC (Table 6 ) or in WA (data not shown). The mixtures of ABA A and ABA N applied in 2011 and 2012 affected leaf abscission timing similarly to when either ABA form was applied alone. Foliar applications of ABA A or ABA N at veraison or postharvest in 2012 in WA had no effect on leaf chlorophyll content or periderm development (data not shown).
Budbreak timing and fruit development
Postharvest foliar applications of ABA A delayed budbreak each year of the study in at least one location. In spring 2011, vines treated with ABA A at 300 or 1000 ppm at the BP vineyard in BC had 18% and 8% percent budbreak, respectively, when control vines had 39% budbreak. However, none of the ABA A treatments had any effect on spring 2011 budbreak in BC at the VW vineyard. In spring 2012, ABA A at 1000 ppm delayed budbreak in ON, ID, and WA (Table 5 , Fig. 4 ). When budbreak in control vines was at 93% and 70% in ON and ID, the percent budbreak of vines treated with ABA A at 1000 ppm was 10% and 39%, respectively. The mixture of ABA A and ABA N that contained ABA A at 1000 ppm also delayed the 2012 budbreak at both of the locations where it was evaluated ( Table 5 ). Vines that received a postharvest application of ABA A at 1000 ppm in 2012 had delayed budbreak in 2013, but treatments of ABA applied at veraison had no effect on the 2013 budbreak (Table 6) .
Foliar applications containing ABA N delayed budbreak only in spring 2012 and only at two of four locations (BC and ON) ( Table 5 , Fig. 4 ). The mixture of ABA A and ABA N applied in 2012 delayed budbreak in spring 2013 only when it was applied postharvest and only in one of two locations where it was evaluated (Table 6) . (Fig. 4) .
Bud cold hardiness
Postharvest foliar application of ABA A at 1000 ppm in 2010, 2011, and 2012 increased bud cold hardiness during spring deacclimation; however, response varied among locations (Figs. 1-3 ). Foliar application of up to 1000 ppm ABA A in autumn 2010 increased bud hardiness at both vineyard locations in BC in the spring of 2011 (Fig. 1) . The bud hardiness of vines treated with ABA A at 1000 ppm was increased by 1.7°C in midMarch and by 2.7°C in early April at the VW vineyard in BC, and by up to 3.5°C in late March at the BP vineyard. The ABA A treatment at 1000 ppm applied in 2011 increased bud hardiness in the spring of 2012 in ON and WA but had no effect in ID or BC (Fig. 2) . In spring 2012, bud hardiness was increased by up to 2.7°C in WA from late March through April 2012. Postharvest applications of ABA A at 1000 ppm in 2012 increased bud hardiness in the spring of 2013 in BC and ON but had no effect in ID or WA (Fig. 3) . The ABA A treatment at 1000 ppm also increased bud hardiness in autumn, but only in BC at the BP vineyard in 2010 and 2012. In the BP vineyard, bud hardiness increased by 1.5°C in early December in 2010 and by~2°C in early November in 2012 (Figs. 1, 3) .
Foliar ABA N treatments increased bud cold hardiness during autumn cold acclimation in 2010 and 2011; however, response varied by location. Foliar application of ABA N at 10 000 ppm in 2010 increased autumn bud hardiness by 2.4°C at the VW vineyard but had no effect at the BP vineyard (Fig. 1) . In 2011, ABA N at 10 000 ppm increased bud hardiness in December in ID, but had no effect on autumn bud hardiness in BC, ON, or WA. (Fig. 2) . In BC the ABA treatments were more effective when applied postharvest than at veraison (Fig. 3) . In ON, ABA N applied at veraison or ABA A applied at postharvest improved bud hardiness in autumn. In ID, ABA N applied at either veraison or postharvest improved bud hardiness inconsistently during late autumn and winter. In WA, neither ABA A nor ABA N applied in 2012 altered bud hardiness at any time during the following dormant season, regardless of application timing.
Yield and basic fruit composition
In BC and ID, postharvest ABA application had no effect on fruit yield, yield components, or basic fruit composition in the years following application (data not tabulated). Treatment with ABA at veraison in 2012 did not affect yield, its components, or basic fruit composition the same year in BC (data not tabulated). Yield (kg/vine), cluster number per vine, and berry weight (g) in BC (BP) averaged 3. 62, 31.2, and 1.34 in 2012, and 4.76, 34.5, and 26.6 in 2013 (data not tabulated) . In Washington, application of ABA A in 2011, irrespective of application rate, led to an 18% increase in the number of clusters per vine and a 15% increase in cluster weight, increasing yield by 33%, in 2012 (p < 0.05; data not tabulated). This effect was not observed in 2013 after treatments were applied in 2012. Yield (kg/vine), cluster number per vine, and average berry weight (g) in 2013 were 3.7, 70, and 0.88 in WA, and were 7.7, 52, and 1.24 in ID. Fruit composition was unaffected by ABA application in the previous year (data not tabulated). Juice SS (Brix), TA (g L −1 ), and pH at harvest were 24.5, 4.84, and 3.57 in WA, and 24.7, 3.40, and 4.13 in ID.
Discussion
In each year of the study, at all locations, bud LT50 temperatures were consistently colder than air temperatures, indicating that most buds were sufficiently hardy to survive the weather conditions during the years of this study (Figs. 1-3 ). It should be stated, however, that LT50 was evaluated based on temperature exposures of a few minutes in the test freezer. In the field, low-temperature exposures may be for longer periods (hours) during which higher temperatures could become lethal. Furthermore, the 25-year daily temperature minima for Oct. through May show that the level of bud hardiness measured as LT50 in this study would be insufficient for buds to survive exposure to historic low-temperature episodes (Fig. 5) . Based on historic daily temperature minima, the periods at highest risk for injurious cold events are late autumn for BC, ID, and WA; mid-winter in all study locations; and spring in ON. Historic temperature minima in mid-autumn (early Nov.) were −17°C in BC, ID, and WA, and −10°C in ON. Mid-winter historic temperature minima were −25°C to −26°C in BC, ON, and WA, and −29°C in ID. In late March historic temperature minima were −15°C in ON and −6°C to −8°C in BC, ID, and WA.
Results from this research indicate that vine response to ABA is influenced by ABA form. Foliar, postharvest applications of ABA N at concentrations greater than or equal to 5000 ppm tended to advance leaf abscission and increase autumn bud cold hardiness. This suggests that ABA N enhanced the progression of dormancy and cold acclimation. Zhang and Dami (2012) applied a natural form of ABA to the canopy of Cabernet Franc grapevines and also found that onset of dormancy was advanced and bud hardiness was increased by up to 4.2°C. Foliar applications of ABA N were also found to increase bud hardiness during autumn cold acclimation in the cultivar Chardonnay (Dami et al. 2015) . In this study, postharvest foliar applications of ABA A at 1000 ppm tended to delay budbreak in the spring following application and increase spring bud cold hardiness. This suggests that ABA A delayed deacclimation and release from dormancy. In production regions most prone to injurious late-spring cold events, such as the ON location in this study, foliar application of ABA A would be more suitable than ABA N because ABA A enhanced hardiness in spring when injurious cold events are most likely to occur. However, delayed budbreak in response to ABA A could lead to delayed fruit development and maturation, which can be disadvantageous in regions with short growing seasons. In production regions more prone to injurious cold events in autumn, such as the BC, ID, and WA locations in this study, foliar application of ABA N would be more suitable than ABA A because ABA N enhanced acclimation in autumn when injurious cold events are most likely to occur.
The increase in cluster number in the season following foliar application of ABA A observed in WA in 2011 has also been observed in Chardonnay (Dami et al. 2015) . However, an increase in cluster number was not observed at any other location in any year of the study. The inconsistent response among sites and years to ABA applications observed in this study may be attributed to poorly understood effects of physiological or climatic conditions during application that could affect uptake, catabolism, and/or transport of ABA, as suggested by Dami et al. (2015) . Variable conditions during the dormant period may also have influenced ABA effectiveness. Also, trial locations in this study, with the exception of ON, are located in semi-arid climatic regions (annual precipitation 150-350 mm) where deficit irrigation is routinely practiced. It is possible that drought-induced accumulation of ABA during the growing season may influence cold acclimation (Keller 2015) . Maximum winter (mid-Jan) hardiness in BC, ID, and WA was −25°C to −24°C in 2011-2012 and −26°C to −23 in 2012-2013, whereas in ON it was −22°C and −21°C in the same years, respectively. Another possible contributor to the lower maximum hardiness in ON compared with the other trial locations was plant age. Age of the ON trial vineyard in 2011 was 6 years compared with 13-14 years at the other locations (Table 1) . Hardiness has been shown to increase with age in other woody perennials (MacNamara and Pellett 2000) .
The role of ABA in grapevine bud hardiness is still poorly understood. ABA has been shown to affect the expression of CBF genes (Xiao et al. 2006 ) normally involved in low temperature acclimation (Van Buskirk and Thomashow 2006) as well as osmotic stress responses (Nakashima and Yamaguchi-Shinozaki 2006) . These genes are likely involved in effects on regulatory factors influenced by abiotic conditions including temperature and light. The inconsistent responses to ABA found in this study may reflect the complex interactions among stress acclimation responses and the weather conditions that varied among sites and years. These findings indicate that ABA application may be commercially useful in improving winter hardiness in Merlot, but requires further development to improve the consistency of effects.
